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apparent  trend  correlating  diffusivity  and  the  crystal  lattice  dimensions.  Porous  microstrnctures  in 
some  of  the  materials,  especially  cubic-ZrOj  and  Zr3Gd4013,  led  to  experimental  180-exchanae  versus 
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SUHHARY 


Based  on  thermodynamic  stability  and  crystal  structure  considerations,  a 
series  of  mixed  oxides  with  composition  Zr3M4012  were  prepared  as  candidate 
high-melting-point  ceramics  for  composite  applications.  The  oxides  selected 
should  have  significantly  reduced  oxygen  diffusion  coefficients  compared  to 
cubic-stabilized  zirconia.  Colloidal  processing  and  conventional  sintering 
produced  samples  with  densities  near  98%  of  theoretical.  Zr3H4012  compositions 
with  M  -  Sc,  Y,  La,  and  Gd,  as  well  as  Y^  and  cubic-stabilized  zirconia, 
were  studied  using  the  180-exchange  method  to  measure  diffusivity  in  the  range 
900°-1200°C. 

The  materials  span  about  three  orders  of  magnitude  in  diffusivity,  with  D 
ranging  from  10'7  to  10*10  cm2/s  at  1135°C.  Zr3Sc4012  and  YgOj  were  found  to 

have  the  lowest  diffusivity,  and  the  temperature  dependence  for  all  of  the 
rare  earth  containing  ceramics  was  similar.  For  the  mixed  oxides,  there  is  no 
apparent  trend  correlating  diffusivity  and  the  crystal  lattice  dimensions. 
Porous  microstructures  in  some  of  the  materials,  especially  cubic-Zr02  and 
Zr3Gd4012,  led  to  experimental  180-exchange  versus  time  curves  which  could  not 
be  easily  fitted  to  theoretical  curves.  Doping  studies  of  Sc3+  and  Ta5*  in 
Zr3La4012  showed  no  significant  effect  on  diffusivity  at  1135°C. 

Based  on  this  study  and  other  complications  concerning  altervalent-mixed 
oxides,  pure  YjOj  is  considered  the  most  attractive  material  evaluated. 
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INTRODUCTION 


The  development  of  advanced  turbine  engines  may  require  use  of  new  ceramic- 
oxide  based  composites  or  new  oxide  coatings.  These  materials  must  have  low 
oxygen  diffusivities  to  protect  oxidizable  components,  such  as  carbon  fibers, 
while  remaining  thermochemically  inert  at  as  high  a  temperature  as  possible. 

This  study  involved  preparation  of  several  zirconia-based  ceramics  and 
measurement  of  their  oxygen  diffusion  characteristics.  Based  on  thermodynamic 
and  structural  considerations,  modifications  of  fluorite-related  oxides  of  the 
composition  Zr3M4012  were  chosen  as  promising  candidates,  where  M  is  yttrium, 
scandium,  lanthanum,  or  gadolinium.  The  compositions  have  melting 
points  above  2500°C.  By  creation  of  the  ordered  crystal  structure 
corresponding  to  this  composition,  along  with  control  of  oxygen  vacancy 
defects,  the  potential  exists  to  reduce  diffusion  coefficients  several  orders 
of  magnitude  by  comparison  to  cubic-stabilized  zirconia.  The  objective  of 
this  study  was  to  evaluate  the  degree  to  which  diffusivity  could  be  reduced, 
using  a  mass  spectrometer  -  180  exchange  method  to  measure  diffusivity  as  a 
function  of  temperature. 

The  report  is  structured  into  sections  summarizing  the  experimental  approach 
and  final  results,  followed  by  a  series  of  appendices  containing  supporting 
experimental  data. 
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EXPERIMENTAL  PROCEDURES 

Sample  Preparation 


The  mixed  oxides  were  prepared  by  hydroxide  precipitation  from  nitrate 
solutions,  followed  by  calcination  and  conventional  sintering.  A  significant 
effort  was  required  to  develop  procedures  which  eventually  produced  high 
density,  homogeneous  ceramics.  Appendix  A  summarizes  results  of  the 
preliminary  fabrication  effort,  including  an  unsuccessful  attempt  to  hot  press 
the  materials.  In  this  section,  we  provide  details  of  the  final  successful 
preparation  "recipe,"  which  we  believe  will  be  broadly  useful  for  preparation 
of  related  mixed  oxides. 

The  ceramics  studied  were  prepared  by  a  variant  of  traditional 
coprecipitation,  powder  calcination,  cold  pressing,  and  sintering,  giving  a 
homogeneous  product  near  98%  of  theoretical  density.  The  starting  materials 
were  nitrate  salts  with  a  stated  purity  of  99.9%.  Thermogravi metric  analysis, 
shown  in  Appendix  B,  Figures  B.l  -  B.6,  was  used  to  determine  precise  metal 
content  since  most  of  the  salts  used  are  hygroscopic  and  rarely  stoichiometric 
with  respect  to  water  of  hydration.  For  the  Zr/La,  Zr/Gd,  and  Zr/Y 
compositions,  nitrate  salts  were  dissolved  in  water  at  40°C  to  make  a  solution 
that  was  0.150  molar  with  respect  to  the  zirconium  cation  and  0.200  molar  with 
respect  to  La,  Gd,  or  Y.  For  the  Zr/Sc  composition,  more  water  was  required 
for  complete  dissolution  of  the  nitrate  salts,  resulting  in  a  solution  that 
was  0.100  molar  with  respect  to  zirconium  and  0.133  molar  with  respect  to 
scandium.  Both  preparations  gave  the  final  oxide  composition  of  Zr3M4012. 

Each  nitrate  solution  was  cooled  to  room  temperature  and  added  with  rapid 
mixing  to  a  3  molar  solution  of  ammonium  hydroxide,  containing  a  commercially 
available  surfactant  (Oarvan  C).  The  amount  of  ammonium  hydroxide  used  was  in 
66%  excess  of  the  amount  required  to  react  with  the  nitrates,  and  Oarvan  C  was 
added  as  5  weight  percent  of  the  theoretical  oxide  (Zr3M4012)  yield.  The 
hydroxide  products  were  blended  for  5  to  10  minutes,  then  dried  at  100°C  in 
air,  in  teflon  beakers.  While  the  ultimate  stability  of  the  colloidal 
suspension  is  not  known,  a  covered  sample  of  the  Zr/Y  suspension  showed  no 
separation  after  6  weeks  of  storage. 
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After  overnight  drying,  the  product  was  crushed  with  a  mortar  and  pestle,  then 
calcined  to  650°C  for  one  hour,  which  was  sufficient  to  completely  vaporize 
the  Darvan  C  as  demonstrated  by  the  thermogram  in  Figure  B.6.  The  calcined 
powders  were  crushed  with  a  mortar  and  pestle,  heated  to  1600°C  at  5°C/minute, 
and  held  for  30  minutes  before  cooling  at  10°-20°C/minute.  The  prefired 
powders  (60%  by  weight)  were  then  mixed  with  toluene  (40%  by  weight)  and  ball 
milled  for  24  hours  in  60  ml  polyethylene  bottles  which  were  approximately 
half  filled  with  1/4  inch  zirconia  grinding  media.  (All  of  the  individual 
preparations  were  at  a  scale  giving  10-20  grams  of  product.) 

The  slurries  were  removed  from  the  zirconia  media  and  dried  in  air  at  100°C. 

The  dried  powders  were  crushed  in  a  mortar  and  pestle  and  cold  pressed  in  a 

1/2  inch  diameter  die  at  pressures  near  40,000  psi.  The  green  pellets  were 
then  fired  in  yttria-stabilized  zirconia  crucibles  at  1680°C  for  6  hours. 
Sintered  pellets  of  the  Zr3Y4012  and  Zr3Gd4012  were  cream  colored.  The  Zr3Sc4012 
pellets  were  white,  and  the  Zr3La4012  pellets  were  olive-green. 

Four  samples  of  Zr3La4012,  doped  with  scandium  and  a  combination  of  scandium 
and  tantalum,  were  prepared.  In  one  sample,  Sc3+  was  added  to  replace  5%  of 

the  lanthanum  cations.  In  the  other  three  materials,  Sc3+  was  added  to 

replace  0.33,  1.67,  and  5.0%  of  the  zirconium  cations,  with  Ta5*  added  to 
replace  an  additional  0.33,  1.67,  and  5.0%  of  the  zirconium  atoms  to  maintain 
the  oxygen/metal  stoichiometry.  These  materials  were  prepared  in  the  same 
manner  as  the  undoped  samples.  Scandium  nitrate  was  dissolved  with  the  other 
nitrates.  Tantalum,  however,  has  no  soluble  salts  and  was  added  as  Ta205  to 
the  ammonium  hydroxide,  containing  the  dispersant,  to  facilitate  as  even  a 
distribution  as  possible.  Like  the  undoped  Zr3La4012,  the  doped  materials  were 
also  olive-green  after  sintering. 

The  final  pellet  geometry  was  a  disc  10mm  in  diameter  with  thickness  about  2 
mm.  The  Zr02  reference  material*  was  cut  from  a  rod  to  a  disc  approximately  1 
mm  thick. 

♦Ceramatec  CZ101  -  supplied  by  E.  L.  Courtright,  Battel le  Pacific  Northwest 
Laboratories. 
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The  densities  of  the  ten  materials  used  in  the  diffusion  experiments  are  given 
in  Table  1.  Archimedes'  method  was  used  to  determine  the  actual  densities. 

The  theoretical  densities  showr  were  calculated  using  measured  lattice 
parameters  and  assuming  a  fluorite-cubic  solid  solution. 


TABLE  1.  Densities  and  Lattice  Parameters  of  Diffusion  Samples 


Composition 

Density 
(X  theory) 

Open 

Porosity 

(X) 

Lattice 

Parameter 

(A) 

Theo¬ 

retical 

Density 

Zr3Sc4012 

98.9% 

0.84% 

5.026 

4.825 

Zr3Y40i2 

97.2% 

0.91% 

5.222 

5.472 

Zr3Gd40i2 

94.0% 

1.50% 

5.289 

7.019 

Zr3La40i2 

97.6  % 

0.75% 

5.413 

6.109 

^r2.98Sc0.01^a0.01*-a4®12 

98.9% 

0.15% 

5.411 

6.118 

^r2.9^C0.05Ta0.05^a4^l2 

98.0% 

0.27% 

5.410 

6.134 

Zr2.7Sc0.15Ta0.15*-a4°12 

98.4% 

1.10% 

5.419 

6.127 

Zr3La3.8^C0.2°12 

99.1% 

0.39% 

5.412 

5.998 

y2o3 

97.0% 

0.41% 

5.015 

CZ101 

5.140 

(Cubic  stabilized 
ZirconiaJ^^^ 


Diffusivitv  Measurements 

The  oxygen  diffusivity  was  determined  using  an  oxygen  exchange/mass 
spectrometric  technique.  In  this  method,  the  samples  were  placed  in  an  180- 
enriched  atmosphere  at  elevated  temperatures.  Atomic  exchange  occurs,  limited 
by  the  rate  of  oxygen  transport  in  the  solid,  as  follows: 

160(s)  +  l/21802(g) - >  180(s)  +  1/2  1602(g) 
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The  mass  spectrometer  monitored  the  composition  of  the  gas  as  the  180 
decreased  and  160  increased  to  an  equilibrium  composition.  As  discussed  later 
in  this  section,  under  appropriate  experimental  conditions,  the  mathematics  of 
this  process  are  well  understood  theoretically.  By  comparison  of  the 
experimental  gas  composition-versus-time  curve  to  theoretical  curves,  the 
diffusion  coefficient  can  be  easily  estimated.  There  is  a  fundamental 
assumption  in  this  approach  that  the  gas/solid  surface  equilibrium  step  is 
rapid  compared  to  diffusion  in  the  solid.  The  final  results  do  justify  this 
assumption. 

Apparatus 

Figure  1  is  a  schematic  of  the  diffusion  apparatus.  A  turbo-molecular  pump 
evacuated  the  system,  and  a  gas  manifold  regulated  the  incoming  gases.  Due  to 
the  cost  of  enriched  oxygen,  its  source  was  situated  to  allow  for  the  least 
possible  line  volume,  and  it  was  recovered  in  a  molecular  sieve  trap.  The 
volume  of  gas  available  during  the  diffusion  experiments,  that  enclosed  by 
V4,V5,V6,and  V8,  was  determined  by  gas  expansion.  To  accomplish  this,  the 
entire  system  was  evacuated  and  determined  to  be  leak  tight.  The  volume 
enclosed  by  V4,V5,V6,  and  V7  was  backfilled  with  argon,  and  the  pressure  was 
recorded.  The  valve  leading  to  the  reaction  chamber,  V7,  was  then  opened,  and 
the  new  lower  pressure  was  recorded.  This  experiment  was  repeated  with  a 
steel  cylinder  of  known  volume  in  the  main  chamber.  Using  the  ideal  gas  law, 
the  system  volume  was  determined  to  be  0.462  liters. 

Approximately  25%  of  the  experimental  volume,  that  is,  the  lower  part  of  the 
quartz  tube,  was  heated  by  a  resistance  furnace.  The  temperature  was 
measured  by  a  type  K  thermocouple  and  controlled  by  a  set  point  temperature 
controller  to  ±2°C.  The  pressure  was  monitored  by  an  MKS  capacitance 
manometer.  A  magnet  system  lowered  and  raised  the  diffusion  sample  to  and 
from  the  hot  zone. 
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FIGURE  1.  Schematic  of  Diffusion  Apparatus 
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An  adjustable  molecular  leak  valve,  V8,  led  to  the  quadrupole  mass 
spectrometer.  The  leak  rate  Mas  such  that  the  pressure  in  the  diffusion 
chamber  decreased  less  than  196/hour  and  the  pressure  in  the  quadrupole  mass 
spectrometer  was  approximately  3  x  10“&  torr.  At  an  operating  pressure  of 
150-200  torr,  the  sampling  lag  time  was  1-2  minutes  which  was  considered 
acceptable  for  experiments  typically  2-8  hours  in  duration.  Data  from  the 
mass  spectrometer,  a  Leybold  Inf icon  Quadrex  PPC,  were  collected  using  Leybold 
Inf icon  software  and  an  IBM-XT.  One  data  set  was  stored  every  100-300 
seconds,  depending  upon  the  duration  of  the  experiment. 

To  check  the  response  time  and  linearity  of  the  mass  spectrometer  system, 
calcium  carbonate  was  decomposed  in  an  argon  atmosphere  at  a  pressure  of  145- 
155  torr.  The  mass  spectrometer  signals  for  carbon  dioxide  and  argon  were 
monitored.  After  complete  decomposition,  the  argon  signals  were  normalized 
using  the  ideal  gas  law.  As  shown  in  Figure  2,  the  carbon  dioxide  signal  is 
linearly  related  to  the  mass  of  calcium  carbonate  decomposed,  demonstrating 
that  the  system  response  was  linear  in  the  gas  concentration  range  of 
interest. 

Experimental  Technique 

Each  180-diffusion  experiment  was  conducted  in  the  following  manner.  The  test 
sample  was  placed  in  the  test  chamber,  and  the  system  was  evacuated.  Once  a 
leak-tight  system  was  confirmed,  the  test  sample  was  equilibrated  in  1602  at 
the  chosen  test  pressure  (nominally  150  torr)  and  test  temperature.  After  a 
time  equal  to  or  exceeding  the  expected  duration  of  the  diffusion  experiment, 
the  pellet  was  removed  from  the  hot  zone,  and  the  system  was  evacuated.  The 
180  enriched  gas  was  then  admitted,  and  the  system  was  monitored  with  the 
pellet  in  the  cool  zone  to  verify  system  stability.  Once  stability  was 
verified,  the  pellet  was  lowered  into  the  hot  zone.  The  mass 
spectrometer/computer  monitored  the  signals  of  masses  28,  32,  34,  and  36  in 
intervals  ranging  from  100-300  seconds  depending  upon  the  expected  duration  of 
the  run.  Monitoring  of  nitrogen,  mass  28,  insured  that  no  unexpected 
atmospheric  leaks  in  the  system  would  affect  the  subsequent  data  analysis. 
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The  signals  for  mass  32,  34,  and  36  monitored  1602,  160180,  and  1802.  The 
fragmentation  fraction  for  each  of  the  oxygen  species  from  diatomic  to 
monatomic  gas  was  assumed  to  be  identical.  Therefore,  the  only  correction 
factors  needed  were  for  the  varying  masses. 

By  convention,  the  correction  factor  for  N2,  mass  28,  is  unity.  Other  signals 
are  corrected  as  follows: 


where  Icorr  »  corrected  signal 
I«e«s  *  measured  signal 
CF  =■*  correction  factor 

-  28/32  for  mass  32 

*  28/34  for  mass  34 

=  28/36  for  mass  36 

The  atom  fraction  of  180  was  then  calculated  as: 

^36  corr  +  corr) 

[’•O]  .  - 

JJcorr  ^  Wcorr  ^  ^96corr 

For  all  diffusion  work  reported,  nitrogen  was  monitored,  but  not  detected,  and 
is  not  included  in  the  equation  above. 

Figure  3  shows  a  typical  experimental  gas  concentration  versus  time  curve. 
Prior  to  lowering  the  sample  into  the  hot  zone,  a  slight  decrease  in  the  180 
concentration  was  detected,  presumably  due  to  exchange  with  the  quartz  furnace 
tube.  However,  this  decrease  was  negligible  compared  to  the  decrease  during 
the  diffusion  run.  After  the  pellet  was  removed  from  the  hot  zone,  the  180 
concentration  leveled  off,  indicating  continued  minimal  exchange  with  the 
diffusion  apparatus. 
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A  PC-based  computer  program  solving  Fick's  second  law  was  written  to  interpret 
the  diffusion  data.  The  Fortran  program  is  provided  in  Appendix  C.  The 
calculation  assumes  gas  diffusion  into  an  infinite  plane  from  a  stirred 
solution  of  limited  volume.  The  boundary  conditions  used  to  solve  Fick's 
second  law  equation  specify  that:  1)  the  initial  180  concentration  in  the 
solid  is  0,  and  2)  the  rate  of  oxygen  removal  from  the  gas  is  equal  to  the 
oxygen  uptake  in  the  solid.  The  diffusion  equation  is  solved  via  a  LaPlace 
transformation  expressing  [180gas]  in  terms  of  an  infinite  series.  The 
computer  program  uses  up  to  1000  terms  to  estimate  the  convergence  of  the 
infinite  series,  introducing  less  than  0.001%  error.  Inputs  of  [Ogas] / [0solid] , 
initial  [180gas],  equilibrium  [180],  0,  and  sample  thickness  result  in  an 
output  of  [180]  versus  time  which  can  be  directly  compared  to  experimental 
data.  D  is  changed  until  the  best  fit  is  obtained. 

A  key  assumption  of  the  mathematical  model  is  slightly  violated  in  the  actual 
experiment.  The  mathematical  model  is  based  on  diffusion  into  an  infinite 
homogenous  plane.  In  the  actual  experiment,  the  samples  are  not  infinite 
planes,  but  rather  discs  about  10mm  in  diameter  and  2mm  thick.  In  a  typical 
experiment  with  D  -  1  x  10'8  and  t  *  7000s,  the  penetration  depth, 
approximated  by  (Dt)1/2,  is  80#im,  While  this  penetration  depth  leads  to 
negligible  overlap  of  diffusion  fields  at  the  edges  of  the  pellet,  the 
diffusion  extends  through  several  layers  of  crystallites,  which  are  less  than 
10#an.  Therefore,  the  pores  and  grain  boundaries  play  some  role  in  the 
diffusion  process.  As  will  be  seen  later,  the  degree  of  "fit"  between  the 
experimental  data  and  the  calculated  curves  was  very  good  for  the  most  dense 
samples,  but  not  as  good  for  those  with  higher  porosity. 


RESULTS 


Representative  samples  of  each  of  the  materials  were  fractured  and  coated  with 
200A  of  gold.  Appendix  0  contains  SEM  micrographs  for  each  of  the  materials 
studied,  where  it  is  shown  that  the  microstructures  are  generally  similar,  but 


different  In  detail.  Some  specific  comments  about  each  of  the  materials  are 
as  follows: 

Zr3$qQ12  (D.l  and  D.21.  The  grains  appear  equlaxed  and  are  typically  5-10um. 
The  closed  porosity  Is  minimal,  as  Is  expected  with  material  near  99X  of 
theoretical  density,  and  occurs  mainly  at  the  grain  boundaries. 

Zr3Y^012  (P.3  and  D.41.  This  material  has  a  measured  density  of  97. 2%  of 
theoretical.  The  micrographs  show  a  distribution  of  submicron  pores 
throughout  the  sample  with  most  of  the  pores  being  within  the  grains.  The 
grain  size  varies  from  less  than  5um  to  greater  than  20um. 

Zr,La^1?  (D.5  and  D.61  and  Doped  Zr3LatQi:  (D.7  -  D.101.  With  a  density  97. 5% 
of  theoretical,  the  undoped  material  has  an  even  distribution  of  closed 
porosity.  Most  of  the  pores  are  larger  than  3um.  The  grains  appear  equlaxed 
with  a  size  range  of  1  to  lOum.  The  doped  materials  have  densities  ranging 
from  98. OX  to  99. IX  theoretical  and  have  a  microstructure  similar  to  that  of 
the  undoped  material. 

Zr3Gdt0i:;  fD.ll  and  D.121.  This  material  has  a  rather  low  density  94. IX  of 
theoretical,  and  this  is  reflected  In  the  micrographs.  Closed  porosity  is 
evenly  distributed  with  most  pores  being  less  than  2um.  The  pores  appear 
within  the  grains  as  well  as  at  the  grain  boundaries.  The  grain  size  Is 
typically  less  than  lOum. 

Yj.Oj  (P.131 .  The  yttria  has  a  measured  density  97X  of  theoretical.  The 
closed  porosity  appears  both  within  the  grains  and  at  the  grain  boundaries 
with  pores  ranging  from  less  than  lum  to  greater  than  5um.  Most  of  the  grains 
are  larger  than  5um. 

CZ101  -  Cubic  Stabilized  Zlrconia  (D.141.  The  cubic  zlrconla  material  has 
substantial  closed  porosity  with  pore  size  ranging  from  less  than  lum  within 
the  grains  to  greater  than  lSum  at  the  grain  boundaries. 
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X-Ray  Diffraction  Results 

X-ray  diffraction  traces  for  all  of  the  materials  studied  are  presented  in 
Appendix  t.  In  all  cases,  the  surfaces  of  the  disc-shaped  samples  were 
directly  studied.  The  data  were  collected  on  a  Scintag  diffractometer  using 
Cu  Ko  radiation  with  a  scan  speed  of  1°  20/minute  and  step  scan  increments  of 
0.02°  20.  Only  the  high  angle  reflections  (50-120°  20)  were  used  to  calculate 
pseudo-cubic  lattice  constants.  Several  of  the  materials  gave  patterns 
including  weak  reflections  in  addition  to  the  primary  f.c.c.  peaks,  thus 
indicating  possible  formation  of  ordered  compounds.  In  the  case  of  Zr3Sc4012 
the  pattern  could  be  indexed  to  the  true  rhombehedral  (hexagonal)  structure. 
Even  when  such  ordering  occurs,  giving  a  different  unit  cell,  the  primary 
reflections  can  btill  be  indexed  based  on  the  f.c.c.  structure.  In  all  cases, 
we  are  thus  able  to  report  a  pseudo-cubic  lattice  parameter.  (Most  of  the 
diffraction  traces  also  show  a  weak  reflection  near  38c  20  arising  from  the  A1 
sample  holder.) 

All  of  the  diffraction  patterns  were  analyzed  in  an  attempt  to  correlate  weak 
"extra"  reflections  with  expected  ordered  compounds  -  M^  (rhombehedral)  or 
M407  (pyrochl ore-cubic),  as  well  as  the  various  polymorphic  forms  of  the 
parent  Zr02  or  MjOj  oxides.  As  mentioned  above,  except  for  the  case  of 
Zr3Sc4012,  no  match  was  found.  The  weak  extra  reflections  could  be  produced  by 
formation  of  unknown  second  phases  present  in  concentrations  of  a  few  percent 
of  the  primary  phase  or  could  result  from  partial  ordering  effects  on  the 
oxygen  sublattice  associated  with  a  new  "supercell."  Within  the  scope  of  the 
present  study,  we  are  unable  to  clarify  this  issue.  Except  for  Zr3Sc4012,  we 
therefore  regard  all  of  the  mixed  oxides  studied  as  primarily  cubic-solid 
solutions.  Specific  comments  for  each  material  are  as  follows. 

Zr3Sct012  (E.I.).  This  is  well  crystallized  material  showing  additional 
reflections  characteristic  of  the  MyO^  structure.  All  peaks  could  be  indexed 
to  the  reported  hexagonal  structure  giving  a0  -  9.395  ±  .OOlA,  c0  *  8.725  ± 
O.OOlA.  These  values  are  close  to  the  reported  values  of  A0  =  9.396  and  C0  = 
8.720.  Using  pseudo-cubic  indexing,  the  lattice  parameter  was  calculated  to 
be  a0  -  5.026  ±  0.002A. 
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UL2jl1>  Several  weak  peaks  in  addition  to  the  primary  fluorite- 
related  reflections  were  observed  but  could  not  be  Indexed.  The  lack  of 
splitting  of  the  primary  f.c.c.  reflections  expected  when  ordering  gives  the 
rhombehedral  structure  (JCPOS  29-1389),  suggests  that  the  material  Is 
primarily  a  disordered  solid  solution.  Indexing  as  pseudo-cubic  gave  a0  - 
5.222  ±  0.002A. 

iLte&n  and  Dooed  Zr3LatOi:  (E.4.1.  This  pattern  (as  did  all  of  the 

doped  materials  based  on  the  La  compound)  showed  an  unexpected  high  degree  of 
(111)  orientation  such  that  the  Intensity  ratio  for  (lll)/(200)  is  about  30/1 
compared  to  a  normal  ratio  of  4/1.  Although  we  did  not  explore  reasons  for 
the  preferred  orientation,  La203  Is  hexagonal,  while  all  of  the  other 
trl valent  oxides  are  cubic.  Whatever  the  cause,  it  seems  necessary  that  the 
preferred  orientation  effect  must  occur  early  in  the  fabrication  process, 
probably  with  formation  of  the  hydroxide,  rather  than  during  final  sintering. 
There  are  weak  "extra"  reflections  which  could  not  be  Indexed  to  the  Mt012 
rhombehedral  cell,  nor  to  other  possible  second  phase  materials  as  discussed 
earlier.  The  pseudo-cubic  lattice  constant  is  aG  -  5.413  ±  O.OOlA. 

The  doped  Zr3La4012  samples  showed  very  little  difference  from  the  parent 
material.  The  measured  lattice  parameters  were  only  slightly  changed,  even  In 
the  case  of  doping  with  5%  Sc,  where  the  lattice  constant  was  expected  to 
decrease  to  5.394A,  assuming  a  simple  solid  solution  occurs.  The  measured 
value  was  5.41 0 A ,  only  slightly  below  pure  Zr3La4012,  with  a0  *  5.413A.  No 
evidence  for  unreacted  Sc^  could  be  found;  hence,  the  crystallographic 
effect  of  adding  Sc3*  to  the  lanthanum  compound  is  difficult  to  understand  and 
outside  the  scope  of  the  present  study. 

Zr3Gd4012  (E.5.).  This  pattern  shows  no  indication  of  additional  reflections 
other  than  those  characteristic  of  the  fluorite  f.c.c.  structure,  meaning 
ordering  effects,  if  any,  are  very  short  range.  The  cubic  lattice  parameter 
is  5.2889  ±  0.0002A. 

Cubic  Zr02  (E.6.).  The  pattern  is  primarily  that  of  the  cubic  stabilized 
structure.  Additional  weak  lines  could  not  be  indexed.  The  cubic  lattice 
parameter  is  a0  -  5.140  ±  0.002A. 
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Psuedo-cublc  lattice  parameters,  calculated  from  reflections  in  the  range  50- 
110°  20,  were  given  previously,  in  Table  1,  for  all  of  the  materials.  Figure 
4  is  a  plot  of  lattice  constants  for  the  Zr3M4012  composition  plotted  as  a 
function  of  the  trivalent  cation  radius.  The  Zr3Sc4012  lattice  constant  is 
lower  than  might  be  expected  by  a  simple  linear  extrapolation  from  the  rare 
earth  and  Y  compounds.  As  discussed  later,  this  regular  trend  in  lattice 
constants  is  not  matched  by  a  regular  trend  in  diffusivity,  although  the  Sc 
compound,  with  the  smallest  unit  cell  dimension,  does  have  the  lowest  oxygen 
diffusivity. 
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Diffusion  Results 


Representative  experimental  data  for  each  of  the  materials  studied  are 
provided  in  Appendix  F  as  plots  of  180  atom  fraction  versus  time.  The  solid 
curves  shown  were  calculated  using  the  program  described  earlier.  The 
plotting  routine  utilized  ten  points  connected  by  straight  line 
approximations,  which  is  sufficient  for  our  curve-matching  needs.  Figure  5, 
for  Zr3Sc4012  at  1135°C,  shows  a  representative  example  of  good  agreement 
between  the  experiment  and  the  "best"  calculated  curve.  Fxamination  of  the 
other  data  provided  in  Appendix  F  demonstrates  that  the  agreement  between 
experiment  and  theory  is  very  good  for  Y203,  Zr3Sc401?,  and  Zr3La4012,  but  not 
so  good  for  CZ101  (cubic  stabilized  zirconia),  Zr3Gd40,2,  and  Zr3Y4012.  In  the 
case  of  Zr3Sc4012,  the  degree  of  "fit"  is  better  at  1135°C  than  at  the  lower 
temperatures,  where  the  exchange  fraction  is  very  small  and  experimental 
errors,  for  example,  exchange  with  the  Si02,  become  more  important.  The  three 
materials  showing  poor  agreement  with  theory  had  densities  94-97%  of 
theoretical,  compared  to  98-99%  theoretical  density  for  samples  showing  good 
agreement  with  theory.  For  the  "poor  fit"  case,  a  consistent  means  of 
selecting  the  "best"  D  value  was  needed.  Using  Zr3Y4012  as  an  example,  as 
shown  in  Figure  F.4,  the  data  are  bracketed  by  theoretical  curves  ranging  from 
D-2xl0'8  to  D«7xl0‘8.  To  treat  all  such  data  consistently,  we  chose  the 
theoretical  curve  intersecting  the  experimental  data  at  an  180  atom  fraction 
of  0.85.  For  the  example  shown  in  Figure  F.4,  this  "best  fit"  curve  gives 
D«4.5xl0'8.  Alternative  and  equally  arbitrary  methods  of  considering  the 
"best  fit,"  such  as  emphasizing  the  rate  of  exchange  at  long  times,  give 
different  estimated  D  values,  but.  the  temperature  dependence  and  relative 
ranking  of  materials  do  not  change  very  much. 


18 


Time(s) 


FIGURE  5.  [180]  Versus  Time  for  ZrjSc4012  at  1135*C 
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The  final  results  are  best  summarized  in  the  form  of  the  well  known  Ahrennius 
plot,  where  log10D  vs  1/T  gives  straight  lines  as  provided  in  Figure  6.  The 
materials  differ  in  diffusity  by  two  to  three  orders  of  magnitude,  with  D 
ranging  from  10'7  to  10*10  cm2/s  at  1135°C,  as  shown  in  Table  2.  Table  3 
summarizes  the  results  in  terms  of  the  straight  line  constants  corresponding 
to  the  equation  - 

log  D  =  log  D0  -  E,/RT 

There  were  no  discernible  trends  in  D0  or  Ea  with  regard  to  cubic  lattice 
parameters.  Zr3Sc4012  which  had  the  smallest  lattice  parameter,  did  have  the 
lowest  diffusivity  and  the  highest  activation  energy.  It  is  also  the  only 
mixed  oxide  studied  which  was  determined  to  be  fully  ordered.  Insofar  as 
these  diffusion  constants  are  based  on  a  very  small  data  set  of  only  3  points 
per  line,  no  detailed  examination  is  warranted.  Interpretation  is  further 
complicated  by  the  microstructural  differences  between  the  different  materials 
and  evidence  for  non-Fickian  diffusion,  especially  for  samples  with  density 
<  97%  of  theoretical.  If  porosity  provides  a  fast  path  for  diffusion,  the 
diffusion  coefficients  measured  for  some  of  the  materials  in  this  study  will 
be  high  compared  to  true  bulk  diffusion  values. 

The  diffusivities  of  the  doped  Zr3la4012  materials  were  measured  at  1135°C. 

The  agreement  between  the  theoretical  model  and  the  experimental  gas 
concentration-time  curve  was  good  for  all  these  samples,  as  shown  in  Figures 
F.6  through  F.9.  As  shown  in  Table  2,  the  diffusion  coefficients  for  the 
materials  doped  with  both  scandium  and  tantalum  were  slightly  lower  than  that 
of  the  undoped  material.  The  measured  diffusion  coefficient  for  the  Zr3La4012 
doped  with  5%  scandium  was  higher  than  the  undoped  material  and  higher  than 
the  materials  doped  with  both  scandium  and  tantalum.  As  mentioned  previously, 
the  lattice  parameter  of  this  material  was  also  higher  than  the  other  doped 
materials  and  approached  that  of  the  undoped  material. 
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FIGURE  6.  Temperature  Dependence  of  Oxygen  Diffuslvity 
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TABLE  2. 

Measured  Diffusion  Coefficients 

Material 

Temperature  (C) 

D(cm2/sec) 

Zr3Sc4012 

975 

8.0  x  10-12 

1080 

6.5  x  10-11 

1135 

1.0  x  10-10 

Zr3Y40i2 

975 

4.0  x  10-9 

1080 

1.5  x  10-8 

1135 

4.0  x  10-8 

Zr3Gd4012 

975 

1.0  x  10-8 

1080 

2.5  x  10-8 

1135 

4.0  x  10-8 

Zr3La40i2 

975 

1.5  x  10-9 

1080 

5.4  x  10-9 

1135 

9.0  x  10-9 

^r2.98^C0.01^a0.01^-a4®12 

1135 

6.0  x  10-9 

Zr2  9Sc0_o5Tao.o5La4Oi2 

1135 

5.5  x  10-9 

Zr2 .7SC0. 15^  *0. 15^-a«®12 

1135 

4.0  x  10-9 

^r3*-a3.8^C0.2®12 

1135 

1.5  x  10-8 

CZ101 

975 

5.0  x  IO-10 

(Cubic  Stabilized 

1080 

6.0  x  10-9 

Zlrconla) 

1135 

3.5  x  10-8 

975 

2.0  x  10-11 

1080 

6.0  x  10-11 

1135 

1.6  x  IO-10 
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TABLE  3. 

Activation  Energies  and  D. 

for  Undoped  Materials 

Material 

Mof/sec) 

E.(U/mol) 

«.<*> 

Zr3Sc4012 

8.3  x  10‘2 

239 

5.026 

Zr3Y4°i2 

1.5 

205 

5.222 

Zr3Gd4012 

1.9  x  10'3 

126 

5.289 

Zr3La4012 

1.2  x  10'2 

165 

5.413 

CZ101 

3.5  x  106 

379 

5.140 

YA 

9.6  x  10'4 

184 

RELATED  MffiK 

In  Figure  7,  the  results  of  this  study,  shown  as  dashed  lines,  are  compared  to 
the  previously  published  diffusion  data  for  several  related  oxides,  shown  as 
solid  lines.  The  diffusion  behavior  observed  in  the  Zr3M4012  materials  Is  well 
within  the  range  observed  In  several  fluorite  related  oxides,  Including 
stoichiometric  U02(Murch,  1983),  Th02(Ando,  1976),  Pr^.^Lau,  1976),  and 
70Zr02-30Y20j(01sh1,  1985).  Previous  studies  of  single  crystal  Y^Ando, 

1985)  gave  diffusion  coefficients  approximately  two  orders  of  magnitude 
smaller  than  those  observed  for  the  polycrystalline  Y20j  in  this  study. 
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FI6URE  7.  Comparison  of  Oxygen  Dlffusivity  of  Related  Oxides 
( —  this  study,  _  literature) 


CONCLUSIONS 


For  the  nixed  oxide  samples  examined,  the  dlffuslvlty  spanned  three  orders  of 
magnitude  with  0  ranging  from  10‘7  to  10'10  at  1135°C.  These  results  are 
comparable  to  the  diffusion  behavior  observed  In  other  fluorite- related 
oxides. 

Zr3Sc4012,  which  had  the  smallest  unit  cell  dimension  and  trlvalent  cation 
radius,  had  the  lowest  dlffuslvlty  and  highest  activation  energy  of  the  mixed 
oxides  studied.  Furthermore,  this  Is  the  only  mixed  oxide  studied  which  was 
fully  ordered.  No  further  relationship  was  found  between  the  Ionic  radius  of 
the  trlvalent  cation  and  oxygen  dlffuslvity.  However,  non-FIcklan  diffusion 
was  observed  for  two  of  the  mixed  oxides;  their  apparent  high  diffusion 
coefficients  may  be  related  to  their  higher  porosity. 

Doping  Zr3La4012  with  Sc3*  or  with  Sc^/Ta5*  had  only  a  small  effect  on  the 
oxygen  dlffuslvlty. 

The  preparation  of  dense  pore-free  samples  proved  difficult  for  the  Zr3M4012 
systems.  A  suitable  fabrication  process  was  developed  giving  densities  as 
high  as  99%  of  theoretical  values  but  was  not  fully  optimized.  By  optimizing 
dispersant  concentration  and  firing  schedules,  it  is  likely  that  ceramics  near 
100%  density  can  be  prepared  for  these  compositions  and  related  mixed  oxides. 

Although  the  melting  points  for  Zr3M4012  oxides  are  higher  than  for  the  pure 
rare  earth  oxides  or  yttrla,  there  Is  no  oxygen  dlffuslvlty  advantage  over 
pure  Y20j,  based  on  this  study. 
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APPENDIX  A  PRELIMINARY  PROCESSING 


A  significant  effort  was  required  to  develop  procedures  which  eventually 
produced  homogeneous  pellets  with  densities  near  98%  of  theoretical  density. 
This  appendix  summarizes  results  of  the  preliminary  effort,  Including:  1) 
coprecipitation  and  pressureless  sintering,  2)  coprecipitation  and  hot- 
pressing,  and  3)  coprecipitation  with  dispersant  and  pressureless  sintering. 

Coprecipitation  and  Pressureless  Sintering 

Nitrate  salts  were  dissolved  In  hot  de-ionized  water  using  teflon  beakers  and 
hot-plate  stirring.  In  most  cases,  a  very  small  amount  of  insoluble  material 
was  observed,  probably  pure  oxide.  All  of  the  starting  materials  were  99.9% 
pure,  or  better. 

In  some  experiments,  ammonium  hydroxide  solution  was  added  to  the  nitrate 
solution,  resulting  In  a  gelatinous  material  containing  the  metal  hydroxides, 
ammonium  nitrate,  excess  ammonia,  and  water.  In  other  experiments,  the  mixed 
nitrate  solution  was  added  to  the  ammonium  hydroxide,  thus  maintaining  a  high 
pH  and  Insuring  a  uniform  coprecipitation.  Both  methods  yielded  a  mixture 
that  separated  Into  an  aqueous  phase  and  a  gelatinous  phase  within  an  hour 
after  precipitation.  The  mixtures  were  either  dried  overnight  in  air  at  110°C 
or  centrifuged,  washed  with  ammonium  hydroxide  solution,  and  then  dried  in  air 
at  110°C.  The  dried  hydroxide  produced  a  virtually  featureless  X-ray 
diffraction  pattern  suggesting  a  noncrystalline  powder  or  one  composed  of 
extremely  small  crystallites,  which  was  the  desired  result. 

The  hydroxide  was  calcined  between  350°C  and  700°C  in  air  to  convert  It  to 
oxide  and  to  decompose  any  ammonium  nitrate  and  excess  ammonium  hydroxide.  The 
calcined  powder  was  crushed  with  a  mortar  and  pestle,  pressed  into  pellets  1/2 
inch  diameter  by  1/8  Inch  thick,  and  fired  to  1680°C  for  6  hours  using  yttria- 
stabillzed  zlrconia  crucibles. 

Most  of  the  work  was  performed  on  the  Zr/Y  system.  As  shown  in  Table  A.l,  the 
densities  of  the  sintered  pellets  were  generally  low  and  ranged  from  3.49  to 
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4.02  g/ci3  (<7556  theoretical  density).  Limited  work  with  the  Zr/Gd  system 
also  gave  pellets  with  low  densities  less  than  86%  of  theoretical.  Sintered 
pellets  of  the  Zr3La4012  crumbled,  and  their  densities  were  not  measured. 
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TABLE  A.l.  Processing 

Conditions 

Composition 

Precipitation 

Calcine 

Temp 

Pressing 

Pressure 

(PSD 

Density 

(9/cm3) 

X  Open 
Porosity 

Y/Zr 

NH,0H  into  nitrates  dry 
110C  in  air 

700C 

34K 

3.54 

25.6 

Y/Zr 

NH-OH  into  nitrates  dry 
110C  in  air 

700C 

45K 

3.63 

22.2 

Y/Zr* 

NH,0H  into  nitrates  dry 
HOC  in  air 

700C 

34K 

3.49 

22.6 

Y/Zr 

Nitrates  into  NH40H  dry 
HOC  in  air 

600C 

45K 

3.80 

21.7 

Y/Zr 

Nitrates  into  NH40H  dry 
HOC  in  air 

500C 

45K 

3.87 

19.9 

Y/Zr 

Nitrates  into  NH40H  dry 
HOC  in  air 

400C 

56K 

3.97 

15.7 

Y/Zr 

Nitrate'  4  <*,0  NH40H  dry 
HOC  in  <*ir 

400C 

45K 

3.97 

16.1 

Y/Zr 

Nitrates  into  NH40H  dry 
HOC  in  air 

350C 

45K 

4.02 

14.1 

Y/Zr 

Separate  nitrates  Into 
NH40H,  mix  gels,  dry 

HOC  in  air 

500C 

45K 

3.48 

26.1 

Y/Zr 

NH40H  into  nitrates, 
centrifuge,  dry  HOC  in 
air 

500C 

45K 

3.87 

21.0 

Gd/Zr 

NH40H  into  nitrates, 
dry  HOC  in  air 

700C 

34K 

4.40 

22.8 

Gd/Zr 

Nitrates  into  NH40H  dry 
HOC  in  air 

350C 

45K 

5.07 

14.8 

La/Zr 

NH,OH  into  nitrates  dry 

1 IOC  in  air 

700C 

34K 

pellets  crumbled 

La/Zr 

Nitrates  into  NH40H  dry 
HOC  in  air 

350C 

45K 

pellets  crumbled 

♦sintering  time  of  24  hours,  1680°C;  all  others  6  hours,  1680°C 
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A  number  of  organic  additives  were  examined  to  improve  sintering  in  the  Zr/Y 
system.  Powders  calcined  at  350°C-400°C  were  dispersed  in  the  additive 
systems  using  a  sonicator,  Heat  Systems  Ultrasonics  Model  W-375.  The  slurries 
were  dried  at  1108C  in  air.  Pellets  were  pressed  at  45,000  psi  and  fired  at 
1680°C  for  6  hours.  As  shown  in  Table  A. 2,  there  was  no  notable  increase  in 
the  densities  of  pellets  prepared  with  additives,  and  in  the  case  of  the 
paraffin/fish  oil/toluene  system,  the  density  decreased  significantly. 


TABLE  A. 2. 

Density  of  Zr3Y4012 

Prepared  with  Additives 

Additive 

Density 

%0pen  Porosity 

Carbowax  8000/MeOH 

3.41 

31.2 

Carbowax  3500/MeOH 

4.08 

19.9 

Carbowax  3500/MeOH/ 
Solsperse  3000 

3.75 

28.2 

Paraffin/fish  oil/ 
toluene 

2.67 

48.3 

Ideally,  particles  should  grow  uniformly  and  equiaxially  during  sintering. 
Rapid  growth  of  highly  reactive  sites  on  the  powders  at  lower  temperatures  can 
cause  bridging  and  inhibit  further  densification.  To  reduce  this  effect, 
samples  were  pressed  and  prefired  to  temperatures  lower  than  the  sintering 
temperature,  recrushed  using  a  mortar  and  pestle,  repressed,  and  fired  to  the 
final  sintering  temperature  of  1680°C.  Because  the  recrushing  of  the  pellets 
is  difficult,  loose  powder  was  also  prefired.  Figure  A.l  illustrates  the 
effect  of  the  prefiring  temperature  on  the  density  of  the  pellet  after  final 
sintering.  The  densities  Increased  with  prefiring  temperature,  and  the 
densities  of  materials  prefired  as  a  pellet  were  slightly  better  than  those 
prefired  as  powder.  However,  at  a  prefiring  temperature  of  1680°C,  the  final 
pellet  density  was  only  4.36  g/cm3  which  is  about  81%  of  theoretical  density. 
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4.4  -i 


FIGURE  A.l. 


Effect  of  Prefiring  Temperature  on  Fired  Pellet  Density 
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To  reach  high  density  using  very  high  temperature  as  the  driving  force, 
pellets  of  Zr3  were  fired  to  2100°C  for  6  hours  in  a  helium  atmosphere, 
using  a  graphite  resistance  furnace.  While  the  density  increased,  the  pellets 
were  brown,  indicating  some  reduction.  The  pellets  were  reoxidized  by  heating 
in  air  to  1680°C  with  no  notable  change  in  density  or  porosity.  A  density  of 
4.79  g/cm3,  or  about  88%  theoretical,  was  achieved  with  this  method,  which  was 
still  unacceptable  for  the  intended  diffusion  study.  Microstructural 
examination  of  the  calcined  powders  and  pellets  suggested  so-called  "hard- 
agglomerates"  were  responsible  for  the  low  densities.  It  was  decided  to 
attempt  hot  pressing  the  ceramics. 

Coprecioitation  and  Hot  Pressing 

Powders  of  Zr3Y4012,  Zr3Gd4012,  and  Zr3La4012  were  prepared  for  hot  pressing  by 
adding  the  mixed  nitrate  solutions  to  excess  ammonium  hydroxide.  The  resultant 
solution  was  dried  at  110°C  overnight.  To  facilitate  complete  removal  of  the 
ammonium  nitrate  and  excess  ammonium  hydroxide,  the  powders  were  calcined  at 
600°C  under  vacuum. 

The  samples  were  hot  pressed  in  graphite  dies  at  1500°C  for  one  hour  with  a 
maximum  load  condition  of  14,000  psi  applied  at  temperature.  As  expected,  the 
hot-pressed  ceramics  (large  pellets  1  inch  diameter  by  1/2  inch  thick)  were 
black  as  a  result  of  partial  reduction,  but  gave  densities  very  near  to  100% 
theoretical.  Attempts  were  made  to  reoxidize  the  materials  by  very  slow  air 
firing  as  described  below.  Measured  densities  are  summarized  in  Table  A. 3. 


TABLE  A. 3.  Densities 

of  Hot-Pressed  Material 

Composition 

As  Pressed 

Density(g/cm3) 

After  Oxidation 

After  Annealing 

Zr/Y 

5.34 

5.27 

5.06 

Zr/Gd 

6.97 

6.52 

— 

Zr/La 

6.06 

— 

— 
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A  thin  slice  of  the  Zr/Y  ceramic  was  cut  from  the  hot-pressed  slug  and  heated 
to  1050°C  over  a  period  of  6  days,  held  at  temperature  for  2  days,  and  cooled 
to  room  temperature  over  a  period  of  4  days,  resulting  in  a  dense  cream- 
colored  ceramic.  After  this  oxidation,  the  sample  was  annealed  by  heating  at 
l°C/min  to  1680°C,  holding  for  10  hours,  and  cooling  to  room  temperature  at 
l°C/min.  The  density  decreased  as  a  result  of  the  oxidation  at  1050°C,  and 
even  more  with  annealing  at  1680°C,  to  5.06  g/cm3,  which  is  only  92%  of 
theoretical . 

Scanning  electron  microscopy  was  used  to  examine  changes  in  microstructure 
with  heat  treatment.  The  fracture  surface  of  the  Zr/Y  ceramic  after  hot 
pressing  is  shown  in  the  scanning  electron  micrograph  of  Figure  A. 2.  The 
grain  size  ranges  from  3  to  10/im  with  some  porosity  at  the  grain  boundaries. 

After  heating  to  1050°C  the  grains  appear  to  be  equiaxed  with  most  grains 
being  less  than  5/im,  as  shown  in  Figure  A. 3. 


FIGURE  A. 2.  Micrograph  of  “As  Hot-Pressed"  Zr3Y4012 


FIGURE  A. 3.  Micrograph  of  Zr3Y4012  After  Oxidation 
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After  annealing  to  1680°C,  there  is  extensive  porosity  at  the  grain  boundaries 
as  illustrated  in  the  scanning  electron  micrograph  of  Figure  A. 4. 


FIGURE  A. 4.  Micrograph  of  Zr3Y4012  After  Anneal 

A  portion  of  Zr3Gd4012  was  heated  slowly  (l°C/min)  to  1600°C,  held  at 
temperature  for  40  hours,  and  cooled  at  I°C/min  to  room  temperature.  The 
resulting  material  was  pale  yellow  and  very  brittle.  No  density  measurements 
could  be  taken.  In  another  attempt  to  reoxidize  this  material,  a  sample  was 
heated  at  3°C/min  to  200°C  then  to  1680°C  at  0.1°C/min,  and  finally  cooled  to 
room  temperature  at  3°C/min.  Scanning  electron  microscopy  of  the  annealed 
sample  revealed  grain  boundary  decoration  similar  to  the  Zr3Y4012. 

Upon  storage  in  air,  the  hot  pressed  Zr3La4012  decomposed  to  a  grey  powder,  and 
no  further  heat  treatment  was  examined. 

Because  of  the  "best  case"  porous  microstructures  and  relatively  low  final 
densities  (93%  theoretical),  the  hot-pressing  route  to  sample  fabrication  was 
abandoned . 
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Coprecipitation  with  Dispersant  and  Pressureless  Sintering 

Formation  of  the  hydroxide  gel  from  the  precipitation  of  the  nitrates  by 
ammonium  hydroxide  led  to  a  highly  agglomerated  powder  as  described  in  the 
previous  sections.  Oarvan  C,  an  ammonium  polymethacrylate  dispersant 
manufactured  by  R.T.  Vanderbilt,  Inc.,  and  Lignosol  TSD,  an  ammonium 
1 ’gnosulfonate  dispersant  produced  by  Daishowa  Chemical,  Inc.,  were  examined 
as  a  means  of  controlling  the  hydroxide  precipitation  and  subsequent  drying. 
Instead  of  using  the  dispersant  during  a  ball  milling  procedure  as  in 
traditional  ceramics  processing,  the  additives  were  used  during  the 
precipitation  of  the  hydroxide.  Solutions  of  the  nitrate  salts  were  added 
with  rapid  mixing  to  an  ammonium  hydroxide  solution  containing  the  dispersing 
agent,  which  was  added  as  a  weight  percentage  of  the  theoretical  yield  of 
Zr3M4012.  The  resulting  mixtures  were  more  stable  colloidal  suspensions  than 
previously  obtained,  with  no  settling  observed  over  a  few-hour  period.  The 
suspensions  were  dried  in  air  at  100°C  or  centrifuged,  washed  with  ammonium 
hydroxide,  and  then  dried  in  air  at  100°C,  with  equivalent  results.  The  dried 
material  was  calcined  at  650°C  for  one  hour. 

Sintered  pellets  pressed  at  45,000  psi  from  these  "as  calcined"  Zr3Y4012 
powders  had  improved  densities  over  sintered  pellets  prepared  with  no 
dispersant.  As  can  be  seen  on  Table  A. 4,  the  densities  for  the  material  made 
with  dispersant  ranged  from  3.47  g/cm3  to  4.86  g/cm3,  compared  to  a  density 
range  of  3.49  g/cm3  to  4.02  g/cm3  for  materials  prepared  without  dispersant. 
Limited  work  with  Zr3Gd4012  produced  pellets  with  about  75%  theoretical 
density.  Pellets  of  Zr3La4012  disintegrated  into  a  white  powder  with  prolonged 
exposure  to  air,  as  did  the  material  prepared  with  no  dispersants. 
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TABLE  A.4.  Densities  of  Neterltls  Prepared  with  Dispersant 


Composition 

Additive 

(wt%) 

Density 

<g/cm3) 

Open  Porosity 
<*) 

Zr/Y 

0.5%L 

3.47 

25.1 

Zr/Y 

0.5%D 

3.65 

22.9 

Zr/Y 

2.5%L 

3.61 

21.6 

Zr/Y 

5.0%L 

4.20 

13.6 

Zr/Y 

5.0%D 

4.17 

21.1 

Zr/Y 

10  %L 

4.68 

6.1 

Zr/Y 

10  %D 

4.10 

20.2 

Gd/Y 

2.5%L 

5.24 

21.0 

L-LIgnosol  TDS( ammonium  1 Ignosulfonate) 
D-Darvan  C(polymethylmethacrylate) 


Major  Improvements  were  achieved  with  additional  post-calcine  processing,  as 
shown  In  Table  A. 5.  In  general,  prefiring  of  the  powder  to  1600#C  followed  by 
ball  milling  In  toluene  and  zlrconla  media  led  to  marked  increases  In  sintered 
pellet  density  for  all  three  compositions.  For  example,  the  density  of 
sintered  pellets  of  Zr3Gd4012  prepared  with  2.5%  Lignosol  TSD  Increased  from 
5.24  g/cm3  to  6.73  g/cm3  (>96%  theoretical  density)  with  this  post-calcine 
process.  Additionally,  sintered  pellets  of  Zr3La4012  made  from  prefired  powder 
did  not  disintegrate  with  prolonged  contact  to  air  and  were  olive-green  in 
color  compared  to  white  pellets  from  materials  with  no  post-calcine 
processing. 
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TABLE  A. 5.  Densities  of  Materials  with  Pcst-Calcine  Processing 


Open 


Composition 

Additive 

Post-Calcine 

Process 

Density 

(9/cms) 

Porosity 

(*> 

Zr/Y 

0.5%L 

9008C  prefire  +  24 
hr  ball  mill 

4.73 

3.0 

Zr/Y 

0.5%D 

900°C  prefire  +  24 
hr  ball  mill 

4.58 

4.4 

Zr/Y 

2.5%L 

900°C  prefire  +  24 
hr  ball  mill 

5.22 

2.7 

Zr/Y 

5.0%L 

900°C  prefire  +  24 
hr  ball  mill 

4.77 

1.5 

Zr/Y 

5.0%D 

1600°C  prefire  + 

24  hr  ball  mill 

5.08 

2.9 

Zr/Y 

10%  L 

1600°C  prefire  + 

24  hr  ball  mill 

5.39 

0.2 

Zr/Y 

10%  D 

1600°C  prefire  + 

24  hr  ball  mill 

5.14 

10.0 

Zr/Gd 

2.5%L 

1600°C  prefire  + 

24  hr  ball  mill 

6.73 

0.3 

Zr/La 

2.5%L 

1600*C  prefire  + 

24  hr  ball  mill 

6.75 

1.6 

L  *  Lignosol  TOS  (ammonium  1 ignosulfonate) 
D  -  Darvan  C  (ammonium  polymethacrylate) 


The  best  densities  were  achieved  with  material  prepared  with  2.5%  and  10% 
ammonium  1 ignosulfonate  additive.  However  thermogravi metric  analysis  of  this 
material  indicated  a  residual  ash  of  nearly  2  wt  %  remained  after  heating  to 
900°C.  The  components  of  the  ash  were  identified  using  energy  dispersive  X-ray 
spectroscopy  and  included  sodium,  magnesium,  silicon,  calcium,  potassium, 
iron,  and  sulfur.  Oarvan  C  left  no  residual  ash  and  therefore  was  used  in  the 
preparation  of  the  materials  for  the  diffusion  study. 
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APPENDIX  B  THERMOGRAMS  OF  STARTIN6  MATERIALS 


ar  riL£,  sea.  re  TEMPERATURE  <C)  ' 

FIGURE  B.l.  Thermogram  for  Scandium  Nitrate  Tetrahydrate 


FIGURE  B.2.  Thermogram  for  Yttrium  Nitrate  Hexahydrate 
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X  WEIGHT 


FIGURE  B.3.  Thermogram  for  Lanthanum  Nitrate  Hexaahydrate 


FI6URE  B.4.  Thermogram  for  6adolin1imi  Nitrate  Pentahydrate 
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FIGURE  B.5.  Themogra*  for  Zlrconyl  Nitrate 


tr  riizaurvc.  re 


TEMPERATURE  CO 


TC 


FIGURE  B.6.  Themogra*  for  Darvan  C,  an  Anmonlun 
Polyiethacrylate  Additive 
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APPENDIX  C  COMPUTER  PROGRAM  FOR  CALCULATING  THEORETICAL  CURVES 


PROGRAM  DIFF 
0PEN(8,FILE-'THE0DAT' ) 

REWIND  8 

DIMENSION  ALPHA(1005) 

REAL  L.LAM 
1  FORMAT (1A10) 

25  FORMAT  (A8.E10.2) 

26  FORMAT(I8,2X,F10.8) 

CHARACTER  CHOICE*10,TAG*8 
TAG-1  D  -  ' 

110  PRINT*,' INPUT  THE  RATIO  OF  THE  TOTAL  NUMBER  OF  OXYGEN' 

PRINT*, 'ATOMS  IN  THE  GAS  TO  THE  TOTAL  NUMBER  OF  OXYGEN  ATOMS' 
PRINT*, 'IN  THE  SOLID.’ 

READ*, LAM 

PRINT*, 'NOW  CALCULATING  THE  FIRST  1000  ROOTS' 

PRINT*, 'OF  THE  AUXILIARY  EQUATION' 

CALL  AUXROOTS( LAM, ALPHA) 

310  PRINT*, 'INPUT  SLAB  THICKNESS  IN  CM’ 

READ*  L 

PRINT*, 'INPUT  INITIAL  0-18  ATOM  FRACTION  IN  GAS' 

READ*,P2 

PRINT*, 'INPUT  INITIAL  0-18  ATOM  FRACTION  IN  SYSTEM' 

READ*,P0 

120  PRINT*, 'ENTER  THE  DIFFUSION  CONSTANT’ 

READ*,D 
150  PRINT*,'  ' 

260  PRINT*, 'LE  MENU' 

PRINT*, 'A.  CHANGE  PARAMETERS  EXCLUDING  LAMBDA' 

PRINT*, 'B.  CHANGE  O' 

PRINT*, 'C.  CALCULATE  GAS  0-18  PARTIAL  PRESSURE  VS  TIME' 

PRINT*, 'D.  EXIT  PROGRAM' 

PRINT*, 'INPUT  CHOICE' 

READ(5,1)  CHOICE 
IF(CHOICE.EQ.'A')THEN 
GOTO  310 

ENDIF 

I F (CHOICE . EQ . ’ B ' )THEN 

GOTO  120 

ENDIF 

IF(CHOICE.EQ.'C')THEN 
GOTO  130 
ENDIF 

IF(CHOICE.EQ.'D')THEN 
GOTO  270 
ENDIF 
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130  PRINT*, 'CALCULATE  GAS  0-18  PARTIAL  PRESSURE  VS  TIME' 
PRINT*, 'ENTER  INITIAL  TIME, FINAL  TIME, AND  INCREMENTS ( S) ' 
READ*,TI,TF,TINC  v  ’ 

NT«INT((TF-TI)/TINC)+1 

PRINT*, 'TIME(S)  0-18  ATOM  FRACT. GAS  K  SUM' 

WRITE(8,25)  TAG,D 
DO  100  I«1,NT 
SUM-0 
K-l 

T— TI+FLOAT ( I )*TINC 

210  SUM1-2*LAM* ( 1+LAM) / ( 1+LAM+LAM**2*ALPHA(K)**2) 
SUM2-SUM1*EXP(-4*ALPHA(K)**2*D*T/L**2) 

SUM-SUM+SUM2 

I F  ( (SUM2/SUM) .  GT . .  00001 )  THEN 
K-K+l 

IF(K.GT.1000)THEN 

PRINT*, 'OVER  1000  TERMS-TERMINATED' 

GOTO  110 

ENDIF 

GOTO  210 

ENDIF 

P-P2+(PO-P2)*( 1-SUM) 

PRINT*, T,P,K,SUM2 
WRITE(8,26)T,P 
100  CONTINUE 
GOTO  260 
270  END 

SUBROUTINE  AUXROOTS( LAM, ALPHA) 

DIMENSION  ALPHA(1005) 

REAL  LAM.L 

L-LAM 

X-2 

PI-3.141592654 
DO  100  1-1,1001 

300  DX— ( X+ATAN ( L*X ) - P I *FLOAT ( I ) ) / ( 1 . +L/ ( 1+L**2*X**2 ) ) 

I F ( ABS ( DX/X ) . LT . . 0000 1 ) THEN 
GOTO  200 
ENDIF 
X-X+DX 
GOTO  300 
200  ALPHA(I)-X 

PRINT*, I,ALPHA(I) 

100  CONTINUE 
RETURN 
END 
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FIGURE  D.2.  Scanning 
Electron  Micrograph  of 
Zr  iSc.On 


FIGURE  D.3.  Scanning 
Electron  Micrograph  of 


FIGURE  D.4.  Scanning 
Electron  Micrograph  of 
Zr3Y4012 
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FIGURE  D.5.  ^canning 
Electron  Micrograph  of 
Zr3La<012 


FIGURE  D.6.  Scanning 
Electron  Micrograph  of 
Zr,La,0., 


FIGURE  D.7.  Scanning 
Electron  Micrograph  of 
^r2.96SC0.0lT30.01*-a4°12 


FIGURE  D.8.  Scanning 
Electron  Micrograph  of 

^■r2.9^C0.05^a0.05*-a4®12 
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FIGURE  D.9.  Scanning 
Electron  Micrograph  of 

^r2.7^C0.15^a0.15^a4®12 


FIGURE  D.10.  Scanning 
Electron  Micrograph  of 

^r3^a3.8Sc0.2°12 


FIGURE  D. 11.  Scanning 
Electron  Micrograph  of 


FIGURE  D. 12.  Scanning 
Electron  Micrograph  of 
ZW12 
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FIGURE  D.13.  Scanning 
Electron  Micrograph  of 

Y2°3 


■FIGURE  D. 14.  Scanning 

Electron  Micrograph  of 
Cubic  Zlrconla  (CZ101) 
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APPENDIX  E  X-RAY  DIFFRACTION  PATTERNS 
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FN:  A4008282F.NI  ID:Zr3Sc4012  FAST  SCAN  SCINTAG/ 

DATE:  9/25/90  TIME:  11:  23  PT:  0.240  STEP:  0 . 020  WL:  1 . 5^ 
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FIGURE  E.l.  X-ray  Diffraction  Pattern  for  Zr3Sc4012  (hexagonal) 
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FIGURE  E.2.  X-ray  Diffraction  Pattern  for  Zr3Y4012  (cubic) 


FIGURE  E.3.  X-ray  Diffraction  Pattern  for  Zr3La4012  (cubic) 


FIGURE  E.4.  X-ray  Diffraction  Pattern  for  Zr.La,  -Sc, 
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FIGURE  F.3.  [180]  vs  T1*e  Curve  for  Zr^c^j  at  975#C 
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FIGURE  F.4.  [180]  vs  Time  Curve  for  Zr3Y4012  at  1135*C 
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FIGURE  F.9.  [180]  vs  T1»e  Curve  for  Zr3La3>8Sc  at  1135*C 
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FIGURE  F. 10.  [180]  vs  Tlae  Curve  for  Zr3Gd4012  at  1135*C 
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■IGURE  F. 12.  [180] 
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FIGURE  F.13.  l180]  vs  T1»e  Curve  for  Y^t  1080*C 
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FIGURE  F.14.  [ ia0]  vs  Time  Curve  for  Y203  at  975’C 
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